Quantum-optical catalysis: generating "Schrodinger kittens" by means of linear optics 
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We report preparation and characterization of coherent superposition states £|0) + a\l) of electro- 
magnetic field by conditional measurements on a beamsplitter. The state is generated in one of the 
beam splitter output channels if a coherent state and a single-photon Fock state |1) are present in 
the two input ports and a single photon is registered in the other beam splitter output. The single 
photon thus plays a role of a "catalyst": it is explicitly present in both the input and the output 
channels of the interaction yet facilitates generation of a nonclassical state of light. 



a. Introduction Beam splitter (BS) is the simplest 
quantum optical device in which two incident light beams 
interfere to produce two output beams. Quantum prop- 
erties of beams splitters are manifested in its ability to 
generate an entangled output state with non-classical, 
but unentangled input (lj. This feature has been ex- 
ploited in a variety of fundamental experiments, such 
as preparation of the Einstein-Podolsky-Rosen 0] and 
Greenberger-Horne-Zeilinger [|| states, discrete- ||] and 
continuous- variable ||] quantum teleportation. It is also 
an integral part of many yet unimplemented theoretical 
proposals, such as single-photon nonlocality |J, gener- 
ating arbitrary quantum states of light and efficient 
linear quantum computation [||9). 

In this Letter we investigate a curious consequence 
of beam splitter's entangling property. A single-photon 
Fock state |1) and a coherent state \a) present in two 
BS input channels generate an entangled state in its out- 
put [Fig. 1]. Performing measurements in one of the 
output channels causes this entangled state to collapse 
projecting the quantum state in the other ( "signal" ) out- 
put onto a certain local ensemble. The question we asked 
ourselves is as follows: what happens to this ensemble if 
the measurement in the first output channel detects a 
quantum state identical to the state in one of the BS in- 
puts, namely, the single-photon state? Contrary to what 
might be expected we find the signal channel to be in a 
quantum state which is very different from the original 
coherent state. This is a quantum superposition state 
which possesses highly non-classical properties such as 
non-positive-definite Wigner function and subpoissonian 
photon statistics. We call the effect of such transforma- 
tion quantum- optical catalysis because the single photon, 
while facilitating the conversion of the classical ( "target" ) 
coherent state into a non-classical signal ensemble, itself 
remains unaffected by this interaction. We note that an 
analogous effect of entanglement-facilitated catalysis has 
been described theoretically, although for a somewhat 
different setting, by Jonathan and Plenio in 1999 ]To[ . 

In order to understand the physics of this phenomenon 
let us assume that both the input coherent excitation 



a and the BS transmission t 2 are small: a ~ t < 1. 
In this case, the coherent state can be approximated as 
| a) = |0)+a|l). Suppose a single-photon detector (SPD) 
registers a photon. Where could this photon have orig- 
inated from? If it comes from the coherent state, the 
photon |1) from the Fock state input is likely to have 
been reflected into the signal channel. If, on the other 
hand, the photon detected by the SPD originates from 
the Fock state transmitted through a BS, the quantum 
state in the signal channel is with a high probability vac- 
uum |0). 
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FIG. 1. Conceptual scheme of the experiment. Measure- 
ments by the balanced homodyne detector are conditioned 
on registering a photon by the single-photon detector. 

The quantum properties of the beam splitter come into 
play when we notice that these two possibilities are fun- 
damentally indistinguishable. If the two initial states are 
prepared in identical optical modes, there is no way of 
telling which one of the initial states the photon in the 
SPD channel is coming from. As a result, the quantum 
state in the signal channel is not a statistical mixture of 
the states |0) and |1) but their coherent superposition, a 
"Schrodinger kitten" 
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= (t|0) + a|l». 



(1) 



Although \tp s ) has the same components as the initial 
faint coherent state, their fractions can be varied ran- 
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domly by changing the ratio between a and t. For a 
constant, small t the increase of a implements a gradual 
transition between highly classical (|0)) and highly non- 
classical (|1)) states of light. In this sense the state \i/j s ) 
can be considered a bridge between the particle and wave 
aspects of the electromagnetic field. 

In the present paper we generate |^ s ) and investigate it 
by means of quantum homodyne tomography pj] |. This 
work was inspired in part by a recent experiment by Rar- 
ity et al. who overlapped a single photon with a coher- 
ent state on a beamsplitter and studied the non-classical 
photon statistics in the output p^ |. Means of prepar- 
ing the single photon in a well-defined spatiotemporal 
mode and pulsed time-domain homodyne detection have 
been elaborated in our group's earlier work 

H& Ex- 
tensive theoretical investigation by Welsch et al. have 
shown that conditional measurements on a beam splitter 
can generate a wide variety of quantum states such as 
Schrodinger cats, photon-added and photon-subtracted 
states [p^7| . When applied in a sequence, such measure- 
ments lead to a technique of synthesizing random quan- 
tum states of traveling fields 0. 

Our experiment can be seen as an implementation of 
the first of two stages of the non-linear sign shift quan- 
tum gate, the basic element of the recent linear-optical 
quantum computation proposal [|]]|]. Such a gate is an- 
other example of quantum optical catalysis, because the 
required modification of the target state is achieved with 
the two ancilla channels involved remaining in their orig- 
inal quantum states. 

b. Theory We start by assuming that the input state 
|1) is prepared with a 100-% efficiency in an optical 



mode that perfectly matches that of the coherent state 
' ^ e_H /2 En aU /Vn!|n) at the BS input. The en- 



tangled state in the beam splitter output can be found 
by applying the BS transformation operator 
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r 2 = 1 — t 2 is the BS reflectivity and j are binomial 

coefficients ]l8fl . 

A commercial single-photon detector generates a 
"click" when n > 1 photons are incident upon its sen- 
sitive area. It is described by the following positive 
operator- valued measure (POVM): 



II no-dick = 2^(1 - r/ S pD) n |n)(n|; 

n=0 

Ilclick = 1-11 no-click, (4) 



where r/spD is its quantum efficiency. A measurement via 
the SPD leads to a collapse of the state |\£ ut) projecting 
it, in the event of a "click", upon the following ensemble 
in the signal channel: 
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(5) 



which is readily calculated. 

In our experiment the initial single photon is prepared 
by means of conditional measurements on a biphoton 
generated via parametric down-conversion. As discussed 
in our previous publications Jl^- |l5|l , inefficiencies associ- 
ated with this technique result in the photon being pre- 
pared with a substantial admixture of the vacuum state: 

PW = 7 /|i)l 1 )( 1 l + ( 1 - 7 ?|i))l°)(°l' where rj w is the prepa- 
ration efficiency. The vacuum fraction of pm, interacting 
on the beam splitter with the coherent state, does not en- 
tangle itself with it (lj but produces coherent states with 
amplitudes at and ar in the two BS output channels. 
Taking this circumstance into account, we write the out- 
put ensemble as 
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V\i)Pc+ (1 -v'\i))\att){at\. 



(6) 



Note that the quantity rj'^ in the above equation is al- 
ways higher than rj^ because a photon present in the 
input increases the likelihood for the SPD to trigger. For 
rjLj tends to 1, for a ^> t it approaches rj\iy 
Next we need to account for the SPD dark count 
events. In such an event, the quantum state in the signal 
channel is not conditioned on that in the SPD channel. 
The BS acts upon the incident single-photon state sim- 
ply as a lossy reflector, reducing its efficiency by a factor 
of r 2 . In addition, the coherent field causes the phase- 
space displacement of this state, producing a statistical 
mixture of a displaced Fock state [|l9 ; 20| and a coherent 
state: 



= Vll) r 2 D(at)\l)(l\D^at) + (1 - ^r^at) (at\, 



(7) 



where D(at) is the displacement operator. The above 
state admixes to p' s in the proportion determined by the 
SPD dark count rate. 

Finally, in order to compare our prediction with the ex- 
perimental results we need to account for the non-unitary 
quantum efficiency r/HD of the balanced homodyne de- 
tector (HD). This is done by means of the generalized 
Bernoulli transformation well described in the literature 

BID- 

c. Experimental apparatus The core of our apparatus 
consisted of the setup for generating the single-photon 
Fock state, which was the same as in our previous ex- 
periments 1 13-1^]. A 82-MHz repetition rate train of 



1.6-ps pulses generated by a Spectra-Physics Ti: Sapphire 
laser at 790 nm was frequency doubled and directed 
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into a beta-barium borate crystal for down- conversion. 
The down-conversion occurred in a type-one frequency- 
degenerate, but spatially non-degenerate configuration. 
A single-photon detector, placed into one of the emission 
channels, detected photon-pair creation events. This de- 
tector firing ensured that a photon has as well been emit- 
ted into the other down-conversion channel, thus prepar- 
ing single-photon Fock states by conditional measure- 
ments. All further measurements were conditioned upon 
a biphoton production event. We have obtained between 
300 and 400 such events in a second. 

Pulses containing the conditionally-prepared pho- 
ton entered an optical arrangement shown in Fig. 1, 
which had to be maintained interferometrically stable 
throughout the experimental run. We used a Perkin- 
Elmer SPCM-AQ-131 single-photon counting module 
with t/spd ~ 0.5 and a beam splitter with a reflectiv- 
ity of r 2 = 0.92. The choice of the BS was dictated, on 
one hand, by the requirement that t be small compared 
to 1; on the other hand, the SPD count rate, proportional 
to t 2 + a 2 for small a, should have been sufficiently high 
in order to prevent domination of the dark counts and to 
allow acquisition of a large amount of data sufficient for 
quantum tomography. 

The local oscillator for balanced homodyne detection 
Jl6[ , as well as the target coherent state, have been pro- 
vided by the master Ti: Sapphire laser. These pulses had 
to be spatially and temporarily mode matched with each 
other, as well as with the single-photon pulse emerging 
from the down-converter. To this end, we first mode 
matched the single-photon pulse with the local oscillator 
via the technique described in [ff3.15|. The coherent state 



was then mode matched with the local oscillator by opti- 
mizing the visibility of the interference pattern observed 
between these two classical fields. The amplitude a of 
the target coherent state could be varied via a variable 
attenuator consisting of a half- wave plate and a polarizer. 

A set of preliminary measurements was performed in 
order to test the system and evaluate its main charac- 
teristics. First, we calibrated the homodyne detector by 
observing the quantum noise of the vacuum state with 
the beam paths of both the coherent state and the Fock 
state blocked [Fig. 2(a)]. Second, we unblocked the co- 
herent state input so the quantum state entering the HD 
was also a coherent state with amplitude at [Fig. 2(b)]. 
Performing homodyne tomography on this state allowed 
us to determine a to within 0.15. Third, we blocked the 
coherent state but unblocked the Fock state. In this case, 
the quantum noise measured by the HD was associated 
with the statistical mixture of the states |1) and |0) with 
an efficiency rj tot = r 2 rj\^r]uD [Fig. 2(e)]. By analyzing 
the statistics of this noise, we found r^tot = 0.58 ± 0.02. 
Since it was known from previous measurements that 
t?hd = 0.91 @, we estimated f] ]1} = 0.69 [Fig. 2(c)]. 

Finally, we unblocked both the coherent state and the 
Fock state BS inputs, and performed homodyne mea- 



surements conditioned upon the SPD firing. The local 
oscillator phase was scanned by applying a linear dis- 
placement to a mirror via a piezoelectric transducer. The 
acquired data was then scaled in accordance with the 
vacuum state noise acquired earlier and each data sam- 
ple was associated with the appropriate local oscillator 
phase value. The Wigner function was reconstructed 
for each data set by means of the inverse Radon trans- 
formation implemented via the standard filtered back- 
projection algorithm Q with a cutoff frequency of 6.4. 
This algorithm was applied directly to the quadrature 
data without calculating marginal distributions associ- 
ated with each phase value [j20|. 
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FIG. 2. Wigner functions of the quantum states observed 
in the experiment, (a-c): States obtained during the align- 
ment procedure: (a) vacuum state; (b) coherent state; (c) 
statistical mixture of states |1) and |0), efficiency ?7tot = 0.59. 
(d-f): Quantum catalysis ensembles obtained for various val- 
ues of a. For low a, the Wigner function resembles that of the 
vacuum state; For high a - the displaced Fock state. Heavy 
lines show theoretical fits to Wigner functions' cross-section. 



d. Results and discussion Fig. 2(d-f) shows the 
Wigner functions reconstructed for various coherent state 
amplitudes. The three Wigner functions shown allow to 
trace the trend the catalysis ensembles follow with in- 
creasing a. For a = 0, a photon registered in the SPD 
channel means there is nothing in the signal channel (un- 
less it is a dark count); the signal state must thus be vac- 
uum. We have not reproduced this case experimentally 
due to an extremely low count rate associated with it. 
With a increasing to the order of t, the quantum state 
approximates the "Schrodinger kitten" (|l|) with a signif- 
icant admixture of the vacuum due to a non-unitary ?7| x> 
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[Fig. 2(d)]. 

In the regime of high a's the SPD will fire with almost 
every laser pulse detecting a large fraction of the reflect- 
ing coherent state's photons. This mode is analogous to 
the dark count case discussed earlier: the measurement 
of the signal state is effectively no longer conditioned 
on that in the SPD channel, so a statistical mixture (Q) 
of a displaced Fock state and a coherent state obtains. 
The ensemble shown in Fig. 2(f) approaches this situa- 
tion. An experimental study of displaced Fock states 
will be reported separately j p0| . 

The fits shown in Fig. 2(d-f) were calculated using the 
experimental parameters determined during the prelimi- 
nary measurements and varied within their tolerances in 
order to obtain the best fit. An exception is made for 
t?hd which was set to 0.83 in order to account for the im- 
perfect mode matching between the coherent state and 
the local oscillator. Precise treatment of this imperfec- 
tion is rather complicated; reducing the value of t?hd is a 
simplified solution which however allows to generate an 
excellent fit shown in Fig. 2(e,f). A deviation from the 
perfect fit seen in Fig. 2(d) is a technical artefact caused 
by a very low data acquisition rate. 

Density matrices of the catalysis ensembles have been 
determined by applying the quantum state sampling 
method (l^JI^] directly to the homodyne data. The en- 
semble shown in Fig. 3 approximates a statistical mix- 
ture of the state (|l|) and the vacuum. Presence of non- 
diagonal elements poi and pio distinguishes the ensemble 
from a statistical mixture of the states |1) and |0) inves- 
tigated in our earlier papers Jl|@. On the other hand, 
almost vanishing matrix elements associated with states 
1 2) and above shows the difference between this density 
matrix and that of the coherent state. 
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FIG. 3. 14153 raw homodyne detector data (a) and the ab- 
solute values of the density matrix elements in the Fock repre- 
sentation (b) for the "Schrodinger kitten" state with a = 0.3. 



In conclusion, we have synthesized and characterized 
a new quantum state of light, a coherent superposition 
of the single-photon and vacuum states. This state was 
obtained by means of linear optics, single-photon sources 
and detectors. This state is generated by means of a 
"catalytical" process in which the single-photon state en- 
abling the interaction without being affected by it. By 



changing the amplitude of the target coherent state, a 
gradual transition between a highly classical and a highly 
non-classical state of light occurs. This experiment can 
be viewed as a step towards experimental implementation 
of linear optical quantum computation. 
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